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ABSTRACT 


I.  Isotiierms  fof'  the  adsorption  of  argon  on  oxide- 

coated  nickel,  pov^der  and  on  this  sample  after  each  of  several 
reductions  with  dry  hydrogen  at  350°  were  determined  at  -195'^ 
and  -1G3°.  Equilibrium  functions,  isosteric  heats  of  adsorp- 
tion and  integral  molar  entropy  values  were  calculated.  These 
data  showed  a marked  difference  in  the  surface  nature  of  the 
unreduced  an-^  reduced  samples.  However,  the  adsorption  behavior 
of  argon  on  the  reduced  samples  was  similar  above  monolayer 
coverage.  In  this  region  of  adsorption  the  only  effect  of  re- 
ductions at  hi  gji  temperature  was  to  cause  an  increase  in  particle 
size  due  to  sintering  without  markedly  changing  the  surface 
nature  of  the  reduced  metal  powder, 

• 

The  equilibrium  function  and  isosteric  heat  data 
indicated  that  both  tlie  unreduced  end  reduced  samples  were 
heterogeneous.  Adsorption  sites  of  higher  energy  as  well  as  a 
wider  distribution  of  sites  characterized  the  unreduced  samples. 
Stronger  cooperative  effects  leading  to  an  increase  in  heat 
values  and  a subsequent  maximum  near  monolayer  coverage  was  found 
for  argon  adsorption  on  the  reduced  sample. 

On  the  basis  of  experimental  and  calculated  integral 
entropy  values,  a model  of  localized  adsorption  on  a heterogeneous 
surface  without  adsorbate  interactions  explains  the  adsorption  of 
argon  on  the  unreduced  and  reduced  sample.  This  model  is  probably 
not  valid  beyond  0 = 0,  5 for  the  unreduced  sample  and  beyond  the 
relativeiV  low  value  of  9 = 0,2  for  the  reduced  sample;  above  these 
© values  lateral  interaction  set  in.  At  very  low  coverages  on 
both  samples  the  het ero'eneous  nature  of  the  surfaces  was  evident 
from  the  low  molar  entropy  values  Ss  and  small  configurational 
entropy  contributions. 


II.  A low  temperature  calorimeter  to  measure  heats  of 

immersional  vjetting  in  liquid  nitrogen,  has  been  constructod. 

The  heats  of  immersion  of  magnesia,  siiene.  alumina  and  Graphon 
(a  graphitized  carbon  black)  in  liquid  nitroge.n  were  found  to  be 
practically  the  same.  Thus,  a si.iple  determination  of  the  heat- 
evolved  in  terms  of  the  volume  of  liquid  nitrogen  vaporized  when 
the  clean  solid  is  broken  under  the  liquid  may  be  used  to  measure 
specific  area. 

Theoretical  values  for  the  heat  of  Immersion  of  magnesia 
in  liquid  nitrogen  have  been  calculated  by  two  methods  from  ad- 
sorption data,  and  were  found  to  compare  favorably  with  the  experi- 
mental value.  The  contribution  of  the  free  energy  term  to  the  heat 
of  Immersion  vias  approximately  one- third  that  of  the  TAS  contri- 
bution. 
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III„  The  effect  of  increasing  the  amount  of  surface 

oxide  on  Graphon  on  botii  the  v.'ater  vapor  adsorption  isotherms 
and  the  heat  of  immersion  in  water  was  studied.  Oxidations 
were  carried  out  at  530^"  witu  both  dynamic  and  static  oxygen 
atmospheres  for  successive  periods  up  to  20  hours  total.  While 
the  volume  of  water  adsorbed  increased  regularly  v;ith  the  time 
of  oxidation,  the  shape  of  the  isotherm  up  to  a relative  pres- 
sure of  0,6  remained  unchanged;  plots  of  surface  coverage  vs, 
relative  pressure  were  identical  for  the  original  sample  and 
for  the  various  oxidized  samples. 

The  weight  loss  due  to  formation  of  volatile  oxides 
of  carbon  was  a linear  function  of  time  '' f oxidation  whereas 
the  formation  of  surface  oxide  appeared  to  follow  a parabolic 
rate  curve.  The  ratio  of  the  apparent  area  available  to  water 
adsorption  to  the  total  area  of  Graphon  determined  by  nitrogen 
adsorption  was  taken  as  a measure  of  the  fraction  of  surface 
oxidized.  After  activation  for  two  hours  at  900°  the  sample 
shovjed  a considerable  decrease  in  the  numoor  of  hydrophilic 
sites  due  to  volatilization  of  oxygen  complexes  on  the  surface 
of  the  original  sample. 

The  heat  of  Immersion  in  water  did  not  prove  to  be 
a linear  function  of  the  fraction  of  hydrophilic  surface.  The 
increasing  slope  of  the  heat  of  immersion  vs,  hydrophilic 
fraction  appeared  to  indicate  that  interactions  between  molecules 
adsorbed  on  adjacent  patches  of  oxide  sites  increased  as  the 
number  of  patches  on  the  surface  increased.  The  slope  and 
intercept  of  the  curve  for  the  more  hydrophobic  samples  was  used 
to  estimate  the  heat  of  wetting  of  the  carbon  surface  and  of  the 
hydrophilic  sites. 


- iil  - 


GENERAL  INTRODUCTION 

The  investigation  of  surface  heterogeneity  in  this 
laboratory  has  demonstrated  that  a metallic  surface  may  have 
both  a real  physical  heterogeneity  due  to  surface  irregularities 
and  an  apparent  chemical  heterogeneity  due  to  changes  in  the  wo  jlc 
function  of  the  metal  during  the  adsorption  process.  In  addition, 
heterogeneities  of  particular  importance  in  c hsmisorption  result 
from  the  prasence  of  chemical  impurities  on  the  surface  of  the 
adsorbent.  These  three  types  were  shown  (Technical  ReporL  No,  4) 
to  be  important  to  an  understanding  of  the  behavior  of  molybdenum 
towards  oxygen  at  low  temperatures. 

The  studies  of  Graphon  (Technical  Report  No,  5)  by 
gas  adsorption  and  also  by  a newly  developed  immersional  calori- 
metric technique  illustrated  the  role  of  active  sites  in  the  ad- 
sorption orocess  even  though  they  are  only  sparsely  distributed  on 
the  surface.  Without  the  development  of  the  immersion  calorimeterj 
the  thermodynamic  data  necessary  for  the  elucidation  of  the  mechan- 
ism of  water  adsorption  on  Graphon  would  have  been  impossibles 
Furthermore,  the  ccmbination  of  adsorption  and  calorimetric  measure 
ments  greatly  widens  the  range  of  solid  systems  that  can  be  studied 
Thus  5 a previous  study  ol  the  oxide  films  on  nickel,  steel,  and 
molybdenum  (Technical  Report  No,  5)  Illustrated  the  value  of  heat 
of  immersion  data  in  obtaining  a quantitative  measure  of  the 
porosity  and  hydrous  nature  of  oxide  coatings.  For  asbestos, 


IV 


the  linearity  of  the  heat  of  immersion  curve  with  increasing 
amount  of  water  preadsorbed  provided  elegant  confirmation  of 
the  surface  homogeneity  of  this  material. 

The  role  of  surface  heteroreneities  such  os  crystal 
ed.^.es,  cracks,  lattice  defects,  and  'rain  boundaries  in  chemi- 
sorption is  highly  controversial,  Wheeler  (l)  points  out  that 


(l)  Structure  and  Properties  of  Solid  Surfaces,  Univ.  of 
Chicago  Press,  Chicago,  Illinois  '1953)  P,  458, 


the  possibilities  of  the  properties  of  plane  crystal  surfaces 
and  their  role  in  chemisorption  should  be  exhausted  before 
heterogeneities  should  be  invoked.  Furthermore,  a new  concept 
of  the  process  of  chemisorption  has  been  advanced  by  workers 

(2)  (3)  who  seek  the  explanation  for  chemisorption  in  terms  of 

(2)  M,  Boudart,  J.  Am„  Chem.  Soc.  7U,  1531  (1952  ). 

(3)  D,  H.  Dowden,  J.  Chem.  Soc . „ p„  242  (l950)„ 


the  band  theory  of  metals,  or  more  explicitly  in  tei'ms  of  the 
changes  in  the  Fermi  level  of  the  metal  and  the  distribution 
and  occupancy  of  the  electron  energy  levels  at  the  Fermi  surface 
as  chemisorption  proceeds,  Boudart ’s  model  accounts  for  the 
main  facts  of  chemisorption  without  directly  involving  the  presence 
of  the  usual  types  of  surface  heterogeneities  although  there  exists 


I > » 
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a marked  similarity  between  this  picture  and  that  of  ’’apparent" 
chemical  heterop.eneit y defined  in  our  Technical  Report  IJo.  5. 
Dowden's  views  are  most  complete  since  they  include  the  effect 
of  cliemicel  end  physical  heterogeneities.  In  addition. 
Volkenshtein  iu)  has  introduced  the  interesting  idea  that 

f ^ r.  F,  Volkenshtein,  Sh„  Fiz.  Khlmu„  2 3 . 917  (1949).. 


heterogeneities  are  mobile  and  can  interact.  To  assess  the 
value  of  these  new  ideas  a critical  survey  of  the  current  data 
and  theories  of  the  role  of  surface  heterogeneities  in  Cxiemi- 
sorptionwas  undertaken  (presented  at  the  Gordon  Conferences 
on  Corrosion  and  on  Chemistry  at  Interfaces).  A summary  of  this 
study  wilj  form  the  basis  for  a future  technical  report  in  thi.a 
series.  It  may  be  categorically  stated,  however,  that  certain 
chemisorption  results  from  this  Laboratory,  as  well  as  data 
presented  in  the  recent  literature,  could  not  be  explained  at 
present  without  recourse  to  the  heterogeneity  concept. 

The  present  report  contains  three  sections  covering 
various  phases  of  the  project  in  manuscript  form: 

1,  The  results  of  a study  of  the  heterogeneous 
nature  of  oxide-coated  and  reduced  nickel  samples  by  the  adsorp- 
tion of  argon  at  low  temperature, 

2„  A description  of  a newly  designed  and  constructed 
immersicn  calorimeter  used  to  obtain  heats  of  wetting  of  solids 


...  vi 


in  liquid  nitrogen  and  its  application  to  a study  of  a sample 
of  magnasia  which  had  been  exuensively  studied  by  adsorption 
methods, 

3,  A study  of  the  system  v;ater-Graphon  and  the 
heterogeneities  introduced  by  successive  oxidations  at  high 
t emperature, 

A summary  of  work:  in  progress  is  also  included. 
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I. 


ADSORPTION  STUDIES  ON  l.TITALS  IV. 
THE  PHYSICAL  ADSORPTION  OF  ARCrON  ON 
OXIDE-COATED  AND  REDUCED  NICKEL 


INTRODUCTION 

Oas  adsorption  techniques  were  employed  in  this 
laboratory  to  studj'  the  surface  heterogeniety  of  molybdenum 
metal  (l)„  A thick  oxide  film  was  formed  on  the  molybdenum 


(l)  F.  H,  Healey,  Chessick  and  A.  C,,  Zettlemoyer , J.  Phvs„ 

Chem„  iZ,  178  (1953). 


surface  after  exposure  to  moist  air  during  storage.  Reduction 
of  this  polymolecular  oxide  film  by  high  temperature  treatment 
with  dry  hydrogen  increased  the  surface  roughness  or  physical 
surface  heterogeniety.  After  successive  heatings  in  the  presence 
of  hydrogen  a lower  limit  of  surface  area  was  reached.  For  a 
further  understanding  of  metallic  surface  properties,  this 
work  has  been  extended  to  nickel. 

Through  the  development  of  adsorption  thermodynamics 
and  its  application  to  various  adsorption  systems  in  the  last 
decade,  it  is  now  well  established  that  thermodynamic  functions 
are  very  useful  for  characterizing  the  properties  of  adsorbed 
films.  However,  since  the  coraolexity  of  the  different  existing 
forces  and  the  wide  differences  in  surfaces,  it  is  helpful  to 
investigate  more  than  one  function  before  reaching  final  conclu- 
sions. A sharp  initial  drop  of  the  isosteric  heat  with  increasing 


surface  coverage  is  generally  attributed  to  the  surface  hetero- 
geniety.  Following  Hill’s  (2)  statistical  development,  the 

(2)  T„L„  Hill,  Ghem.  Fhvs„  17,  262  ilSU?) 


entropy  of  the  adsorbed  phase  could  be  evaluated,  which  serves 
as  a parameter  for  defining  a surface„  Furthermore,  Morrison 
and  Drain  (3)  were  able  to  calculate  the  configurational  and 

(3)  Drain,  J.A,  Morrison,  Trans.  Faraday  Soc „ A.8.  316  (1952  )„ 


non-conf igurational  entropy  values  of  system  consisting  of  a 
heterogeneous  surface.  Recently,  Graham  (4)  has  introduced 

(4)  D,  Graham,  J,  Phys.  Chem.  665  (1953  ). 


the  equilibrium  constant  of  a localized  adsorption  system  for 
characterizing  a surface.  Very  lit  ole  work  has  been  done  with 
the  lasr  method.  In  the  present  work  the  conclusions  from  this 
energy  function  are  compared  to  those  of  isosteric  heats 


free 
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EXPERIMENTAL 
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Materials  and  Apparatus  - The  nickel  sample  furnished 
oy  phe  International  Nickel  Company  had  a reported  purity  when 
first  prepared  ."reater  than  99?^,  and  a particle  size  range  from 
2 to  25  microns.  The  sample  was  passed  through  a 4OO  mesh  sieve 
before  use  to  remove  large  particles. 

High  purity  tank  argon  and  helium  were  used.  The 
argon  was  further  purified  by  passage  through  fine  copper  gauze 
heated  to  500"  and  dried  with  magnesium  perchlorate.  Helium 
was  purified  by  passage  through  a charcoal  trap  immersed  in 
liquid  nitrogen. 

Tank  hydrogen,  99.8^  pure,  was  passed  slowly  through 
a Baker  Deoxo  Unit,  containing  a palladium  catalyst,  and  then 
through  a drying  train  consisting  of  two  magnesium  perchlorate 
driers,  a phosphorous  pentaoxide  tube  and  a cold  trap  immersed 
in  liquid  nitrogen.  Previous  work  in  this  laboratory  showed  tnat 
vjater  diffused  into  the  reduction  system  if  rubber  connections 
were  used.  Therefore,  the  reduction  system  was  of  all-glass  con- 
struction with  Tygon  tubing  connections. 

An  Orr  type  (5)  apparatus  was  used,  Apiezon  B oil  which 


(5)  W,J,C,  Orr,  Proc.  Roy,  Soc,  (London),  173A,  3L9  (1939), 


had  a very  low  vapor  pressure  and  did  not  dissolve  measurable 
am.ounts  of  the  gases  studied  was  used  in  the  manometers.  Pressures 
as  low  as  0,005  cm,  Hg,  were  measured  with  this  oil.  However,  the 
height  of  the  manometer  restricted  pressure  measurements  to  about 


. A.. 

5 cm,  Hg,  To  incr>v  ,’c*  tr;>'  of  the  m.ariom.oter,  a back  pressure 

v.v-s  applied  to  the  vocuuiri  side  of  the  manometer  for  pressures 
greater  than  5 cm.  lig.  In  this  v/ay,  uu.sorption  pressures  as 
high  as  20  cm.  Hg.  were  obtained, 

It  was  shown  previously  (6)  that  samipleswith  an  area 

(6)  J.J.  Chessick,  Ph.  D,  Thesis,  Lehigh  University  (1952). 

P 

as  low  as  0.5  m could  be  studied  with  precision  with  this  appa- 
ratus. Nevertheless,  in  this  investigation  sufficiently  large 

2 

samnles  were  taken  so  that  the  total  area  ranged  frcxn  3 to  7 cm  , 

Pretreatment  of  3om,ples  - The  unreduced,  poiycrystalline 
samples  were  first  washed  with  absolute  alcohol  to  remove  any  or- 
ganic film.  They  were  then  degassed  at  room  temperature  for  at 
least  12  hours  to  an  ultimate  pressure  below'  10“^mm.  Hg.  before 
adsorption  measuror.cnt s wore  madOc 

Keduction  of  the  surface  oxide  which  had  formed  on  the 
nickel  powders  on  exposure  to  mioist  air  during  storage  (Ij,  were 
carried  out  at  350^  . The  hydrogen  after  thorough  drying  was 
passed  slowly  through  the  sam,ples  at  atmospheric  pressure.  The 
reduction  times  are  listed  in  Table  1.  Two  nickel  samples  which 
differed  slightly  in  area  but  were  obtained  from  the  same  batch 
were  studied.  The  first  sample  was  subjected  to  four  reductions. 
After  each  reduction  the  sample  was  degassed  at  2 5°  to  lO'^mm.  Hg. 
for  6 hours,  then  argon  adsorption  isotherms  were  determined  at 
-195"".  The  second  sample  was  studied  primarily  to  substantiate 


5. 


the  results  found  with  the  first  sample  as  well  as  to  obtain  some 
additional  data  for  the  adsorption  of  argon  at  -183°  and  -195°» 

After  the  desired  adsorption  measurements  were  made,  the  samples 
v;as  again  subjected  to  hydrogen  treatment  at  350°"  Since  the 
reduced  nickel  was  never  exposed  to  any  gas  except  non-reactive 
helium  and  argon  after  the  first  reduction  the  second  and  sub- 
sequent hydrogen  treatments  were  not  strictly  reductions.  Rather 
they  were  conducted  to  allow  a study  of  the  change  of  the  surface 
properties  of  the  metal  as  sintering  progressed;  they  are  labeled 
reductions  merely  as  a convenience.  The  hydrogen  was  used  to 
provide  for  any  accidental  contamination  of  the  metal  by  air  during 
the  course  of  the  adsorption  measurements. 

No  effort  was  made  to  remove  sorbed  hydrogen  from  the 
reduced  samples  by  degassing  at  elevated  temperatures,  since  the 
primary  objective  of  this  investigation  was  to  characterize  two 
different  surfaces  - the  oxide-coated  and  that  produced  by  reduction- 
by  gas  adsorption  methods.  However,  to  detennine  the  effect  of 
this  sorbed  hydrogen  on  the  reduced  samples  on  the  adsorption  of 
argon,  a separate  sample  was  reduced  under  the  usual  conditions  and 
degassed  at  350°  for  3 hours.  Large  amounts  of  hydrogen  were 
evolved.  Isotherms  reduced  to  unit  surface  area  for  this  sample 
and  other  samples  which  were  reduced  but  not  degassed  at  liigh 
temperature  were  found  to  coincide  exactly  above  monolayer  coverage 
indicating  that  in  this  region  the  argon  adsorption  was  independent 
of  any  hydrogen  presorbed,  Beeck  (7)  also  found  that  the  adsorption 


(7)  0,  Beeck,  Advances  in  Catalysis,  Acedemic  Press,  N,Y,c. 

Vol,  II  (1950)  p.  160. 
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of  krypton  on  nickel  films  was  independent  of  hydrogen  pre- 
sorbed in  hie  sample,. 

Procedure  - One  of  the  often  unrecogn:zad  difficulties 
in  adeorption  studies  at  low  temperatures  is  the  slow  attainment 
of  equilibrium  at  small  adsorption  pressures.  Spurious  rates  or 
heat  curves  have  been  shown  to  result  when  insufficient  time 
has  been  allowed  for  equilibrium  (6) (8).  To  accelerate  thermal 

(8)  F,  C„  Tompkin,  Trans.  Faradav  Soc.  . 'iU.  14-69  (1938). 


equilibrium  in  the  low  pressure  region,  it  was  found  expedient 
to  precool  the  sample  in  the  presence  of  helium  at  the  adsoiT)- 
tion  temperature  for  2 or  3 hours  before  adsorption  measurements 
ware  made.  The  system  was  then  degassed  for  30  minutes  at  the 
adsorption  temperature  and  argon  adsorption  measurements  begun,. 

As  a re.'~ult  of  orecooling,  equilibrium  at  pressures  below  0„1  mm, 
was  attained  within  15  minutes.  At  high  pressures  adsorption 
was  complete  within  5 minutes. 
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RESULTS  AND  DlSCUSSICrl 

Adsorption  Igotherms  - Arf^on  adsorption  Isotherms 
measured  at  -195^  on  unreduced,  oxide-coated  nickel  and  on 
this  sample  after  each  of  four  successive  reductions  at  350° 
are  shown  p.'otted  in  Fl/?ure  1.  The  shapes  of  the  isotherms 
indicated  a marked  difference  in  the  behavior  of  argon  adsorbed 
on  the  imreduced  and  reduced  powders.  Contrariwise,  isotherms 
for  argon  adsorbed  on  the  reduced  nickel  samples  were  found  to 
be  very  nearly  parallel  in  the  region  above  monolayer  coverage 
altnough  they  showed  o decrease  in  the  amount  adsorbed  after 
each  reduction.  This  decrease,  which  exponentially  approached 
a limiting  value , resulted  from  a definite  increase  in  particle 
size  of  the  metal  powder  due  to  sintering  at  the  reduction  tem- 
perature. Confirmation  of  these  initial  results  was  obtained 
v/hen  simil  ar  studies  were  conducted  on  a new  sample  of  lower 
initial  area  but  obtained  from  the  same  batch  of  nickel  powder^ 
Furthermore,  the  temperature  dependency  for  adsorption  on  this 
second  sample  was  determined  at  -183°  and  195°  and  isosteric 
heats  of  adsorption  were  calculated,, 

Some  tentative  conclusions  concerning  the  natures  of 
the  nickel  surfaces  before  and  after  reduction  were  possible 
from  a knowledge  of  the  prehistory  of  the  nickel  and  a visual 
inspection  of  these  isotherms.  First,  since  the  metal  was  poly- 
crystallihe,  it  was  reasonable  to  assum^o  that  the  surfaces  were 
heterogeneous.  Further,  it  was  concluded  that  the  distributions 
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of  cdsorption  energy  oites  on  the  oxide-coated  and  reduced 
metal  v.’sre  quire  different^  Finally  it  appeared  that  while 
a new  type  of  surface  resulted  after  reduction  of  the  oxide 
film,  the  effect  on  this  new  surface  of  sintering  at  high  tem- 
perature was  to  cause  a decrease  in  area  v;ithout  drastically 
changing  its  site  energy  distribution,  particularly  at  higher 
coverageSo  Considerable  evidence  was  obtained  to  substantiate 
these  findings  as  v;ell  as  to  yield  more  quantitative  information 
on  the  nature  of  these  tv;o  different  surfaces„ 

Adsorption  Isotherms  Reduced  to  Unit  Surface  Area  - 
Adsorption  in  the  first  layer,  vhiether  chemical  or  physical  , 
depends  on  two  factors*  the  extent  of  the  surface  and  the  energy 
of  interaction  between  surface  end  adsorbate,.  Erunauer  (9) 


(9)  S„  Erunauer,  The  Adscrution  of  Ga  ses  and  Vacors  Princeton 
Univ,  Press,  Princeton,  N„J„~ri91.3T  p„  329, 


designated  the  former  the  "non-specific"  factor,  the  latter  the 
"snecific"  factor  in  adsorption.  This  delineation  was,  of  course, 
an  oversimplification  since  the  interactions  between  adjacent 
adsorbed  molecules  can  be  an  important  additional  factoPo  However, 
if  physical  adsorption  were  completely  "non-specific",  then  surface 
area  alone  v;ouid  be  controlling  and  isotherms  for  a gas  adsorbed 
on  all  types  of  surfaces  would  coincide  if  volumes  adsorbed  per 
unit  area  v;ere  plotted  against  pressure.  This  situation,  would 
not  exist,  on  the  other  hand,  if  surface  "specificities"  were 
also  important.  Isotherms  of  this  nature  v.^ere  developed  in  order 
to  differentiate  between  the  adsorption  behavior  of  argon  on  both 
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the  unreduced  and  reduced  nickel  somples^  i'or  this  reason  a meas- 
ure of  the  specific  areas  of  these  samples  was  necessary„ 

The  values  for  were  obtained  by  t ne  usual  BET 
method  and  represented  the  STP  volumes  of  gas  required  to  cover 
the  surface  of  one  gram  of  sample  with  one  adsorbed  layer„  The 
specific  areas  of  the  samples  were  calculated  from  these 
values  assuming  that  the  adsorbed  molecules  have  the  same  hexagonal, 
close-packing  as  in  the  liquid  state  (lO),  Another  met  hod  ^ the 

(10)  Ibid,  p„  287, 


"B”  point  method  of  obtaining  and  corresponding  area  values, 
was  to  use  the  velum?  adsorbed  at  the  beginning  of  the  linear 
portion  of  the  Type  IT  isotherms.  This  latter  method  was  adopted 
here  because  of  the  better  agreement  in  area  values  calculated 
from  Vm  values  at  -183°  and  -195°  obtained  by  this  ”B”  poiu'- 
method.  This  agreement  is  shown  in  the  lost  column  of  Table  I 
for  sample  No,  2, 

The  isotherms  measured  for  the  adsorption  of  argon  on 
unreduced  nickel  and  on  this  same  sample  after  each  of  four, 
successive,  high  temuerature  reductions  are  shown  in  Figure  2, 

The  adsorption  values  were  reduced  to  unit  area;  i,e,,  V/Vm  values 
were  plotted  against  relative  pressure.  There  was  no  doubt  that 
the  "specific”  forces  whether  surface,  adsorbate  interaction  or 
both  were  different  for  argon  adsorbed  on  unreduced  and  reduced 
nickel.  On  the  other  hand,  the  coincidence  of  the  four  isotherms 
for  the  reduced  samples  although  they  differed  in  area  by  as  much 
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TABLE  I 

ADSORPTION  OF  ARGON  ON  NICKEL 


10, 


Reduction 

Time 

BET 

"B" 

Point 

No, 

(hrs, ) 

Vm 

(ml,/g„  ) 

Area 

(m^/g,  ) 

Vm 

(ral„/R, 

Area 

) (m^/ g„ } 

Sample  #1 
-195°C, 

unreduced 

- 

0,195 

0,73 

0,167 

0,63 

1 

^oO 

0,168 

0,63 

0,155 

0,  58 

2 

3„  5 

0,119 

0,  45 

0,113 

0,43 

3 

2,  5 

0,107 

0,40 

0,103 

0,  39 

4 

3o0 

0,100 

0,  3S 

0,  098 

0,37 

Sample  if 2. 
-195°C, 

unreduced 

- 

0,154 

0,  57 

0,133 

0,  50 

I 

2,5 

0,117 

0,  44 

0,112 

0,42 

2 

2,0 

0,100 

0,  37 

0,098 

0,37 

-183^0, 

unreduced 

- 

0,152 

o 

9 

0,126 

0,49 

1 

2,  5 

0,122 

0,47 

0, 107 

0,42 

2 

2,  0 

0,104 

0,  40 

0,095 

0,37 

1, 


a3  36^,  strongly  suggested  that  only  smalx  changes  in  these  "spe- 
cific" forces  ocGU’'red  as  a result  of  sintering  at  the  reduction 


temperaturoo 

Free  Energy  Chan.'~"e  of  Adsornticn  - Graham  (u) 
developed  a simple  distribution  function  which  he  claimed 
provided  the  basis  for  a clean  cut  classification  of  physical 
adsorption  in  terras  cf  the  surface  properties  of  the  adsorbent 
as  well  as  adsorbate  interaction.  The  equilibriui.  constant 


for  the  transfer  of  one  mole  of  adsorbate  from  the  standard 


state  as  a liquid  to  the  adsorbed  phase  can  be  writteni 


(1) 


where  9 is  the  fraction  of  surface  covered  and  X is  the  relative 
pressure  of  the  gas  in  equilibrium  with  solid.  The  free  energy 
change  is  simply  given  by  the  relationship 

F°  r RT  In  K (2) 


and  constitutes  a measure  of  the  strength  of  the  adsorption 
bond.  In  the  ideal  case  involving  localized,  non-interacting 
adsorption  on  a uniform  surface,  K is  a constant,  Thei'efore, 
deviations  of  this  constant  from  ideality  can  furnish  information 
concerning  the  factors  responsible  for  non-ideality  such  as 
lateral  interactions  between  adsorbed  molecules  and  t lie  hetero- 
geneous nature  of  the  surface. 

The  equilibrium  functions  for  the  adsorption  of  argon 
on  the  second  sarnpxe  of  the  unreduced  nicke]  and  for  this  same 
sample  after  each  of  twe  successive  reductions  are  shewn  plopped 
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in  Figure  3 as  a function  of  O.  The  shape  of  the  equilibriuiTi 
function  curve  for  ax'gon  adsorbed  on  the  unreduced  sample  indi- 
cated adsorption  on  a heterogeneous  surface.  Initial  adsorption 
took  place  on  sites  of  high  energy.  Furthermore,  these  site 
energies  decreased  markedly  with  increasing  0.  The  equilibrium 
function  was  found  to  be  nearly  constant  between  0 = 0,5  to 
0 » 0.8,  the  criterion  for  adsorption  on  a uniform  surface. 
However,  a balance  between  cooperative  adsorption  and  surface 
heterogeneity,  itself,  was  probably  responsible  for  the  constancy 
of  K in  this  region. 

For  the  two  reduced  samples,  the  values  of  K v;ere  about 
25  units  apart  at  0 = 0.1  and  became  nearly  equal  as  0 increased. 
This  initial  difference  was  evidence  for  the  presence  of  surface 
heterogeneities  at  low  coverages  which  tend  to  disappear  as  a 
result  of  sintering.  Generallv,  it  appeared  from  the  much  lower 
K Values  that  the  reduced  samples  were  less  heterogeneous  than 
the  unreduced  nickel.  Consequently,  interactions  between  adsorbed 
molecules  and  a subsequent  increase  in  K began  at  "very  low  cover- 
ages, ca.  0 = 0.2. 

Isosteric  Heats  of  Adsorption  - Isosteric  heat  values 
obtained  from  adsorption  measurements  on  the  second  nickel  sample 
are  plotted  in  Figure  4 as  a function  of  the  voliime  adsorbed. 

The  sharp  decrease  in  the  heat  values  at  small  volumes  adsorbed 
for  the  unreduced  sample  was  of  particular  interest.  A sharp 
initial  decline  in  the  heat  values  was  found  also  for  the  reduced 
samples  but  over  a smaller  range  of  adsorption.  Also,  Hq  , the 
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heat  of  adsorption  at,  zero  coverage  was  approximately  I,,  6 lccals„ 
greater  for  the  unreduced  sample  than  for  this  same  sample  after 
one  reduction.  The  rise  in  th*^  heat  curve  and  subsequent 
maximum  near  monolayer  coverage  was  attributable  to  cooperative 
adsorption  on  the  reduced  surfaces.  Almost  exact  coincidence 
of  the  heat  curves  for  argon  adsorbed  on  the  reduced  samples 
resulted  if  these  values  were  plotted  as  a function  of  surface 
coverage  9 indicative  of  adsorption  on  the  same  type  of  surface. 
However,  at  low  values  of  9 the  heats  of  adsorption  were  less 
after  the  second  reduction,  Tne  equilibrium  function  and  iso- 
steric  heat  data  indicated  that  both  the  unreduced  and  reduced 
nickel  samples  were  hetero.geneous  and  that  these  surface  hetero- 
geneities strongly  influenced  adsorption  in  the  region  of  small 
0 for  the  reduced  sam.ples  and  to  higher  values  of  coverage  for 
the  unreduced  nickel.  Furthermore,  the  surface  heterogeneities 
on  the  reduced  sam.ples  tended  to  smooth  out  as  a result  of 
sintering  at  the  high  temperature  employed  In  the  reduction. 

Absolute  Entropy  of  the  Adsorbed  Phase  - Hill  (2)  showed 
that  on  a model  of  localized  adsorption  on  a heterogeneous  surface 
without  adsorbate  interactions  the  configurational  entropy  at 
temperature  T is  given  by  the  equation' 


3c  = 


k In  - 


B 


1-2. 


Ni  .:  (Bi~Ni  ) 


(3) 


where  represents  the  sites  of  energy  i and  the  number  of 
molecules  adsorbed  on  the  Bq  sites.  The  maximum  possible  con- 
figurational entropy  (T  infinite)  is  expressed  by  the  relation- 
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ship' 


Sm  .r  k In 


n: (b-nT7 


and  is  independent  of  the  distribution  of  site  energies  on 
the  surface,  also  gives  the  configurational  entropy  on  a 

uniform  surface.  Drain  and  Morrison  (3)  carried  out  the 
arduous  alculations  necessary  to  obtain  the  configurational 
entropy  from  equation  3 as  well  as  the  non  - configurational 
entropy  for  the  adsorption  of  argon  on  rutile  at  83°K„  A know- 
ledge of  the  site  energy  distribution  for  argon  adsorbed  on 
this  solid  at  0°K  was  essential  to  their  calculations  and  this 
in  turn  was  obtained  from  calorimetric  measurements  of  the  heat 
capacities  of  adsorbed  argon  films  down  to  verv  low  t emperatures. 
These  heat  capacity  measurements  probably  represent  the  only 
method  pxesently  available  to  obtain  a distribution  function  at 
0°K  v/he^e  the  surface  sites  fill  strictly  in  order  of  their 


energies. 


Since  it  was  impossible  to  obtain  a proper  distribution 


function  for  the  argon-nickel  systems  studied  here,  the  rigorous 
calculations  of  the  type  outlined  by  Hiil  could  not  be  carried 
out.  However,  on  the  basis  of  the  model  outlined  previously., 
the  integral  molar  configurational  entropy  is  represented  reason- 


ably well  by  the  equation 


* R . d In  V 
d In  p 


This  expression  5 is  accurate  for  a site  energy  distribution 
wide  com.bared  to  RT  and  should  not  be  in  error  by  more  than  20'^ 
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even  for  a homogeneous  surface  below  monolayer  coverage  (3), 

In  Figure  i>  the  experimental  molar  entropies.  So, 
for  argon  adsorbed  on  unreduced  nickel  and  this  sample  after 
one  reduction  are  plotted  as  a function  of  surface  coverage,  9, 

The  general  shapes  ol  the  two  curves  were  similar;  i,e,,  both 
showed  an  increase  in  entropy  with  increasing  adsorption  in  the 
range  of  low  0 values  and  then  remained  little  changed  t.  ^ coverage 
increased.  The  absence  of  high  entropy  values  in  the  region  of 
small  9 was  surprising  for  this  adsorbate  at  this  temperature  and 
suggested  that  adsorption  here  took  place  on  very  heterogeneous 
portions  of  the  surfaces  with  small  contributions  to  the  total 
entropy  due  to  configurational  effects  and  particularly  so  for 
the  unreduced  sample. 

For  localized  adsorption  on  a heterogeneous  surface, 
configurational  entropies  calculated  from  equation  5 should  be 
valid  lor  the  argon-nickel  systems  up  to  the  point  where  inter- 
active adsorption  began.  Calculated  configurational  entropy 
values  for  both  nickel  surfaces  are  compared  in  Figure  5,  These 
values  were  one  to  two  entropy  units  lower  for  the  unreduced 
surface  and  supported  the  contention  based  on  previous  data  that 
this  unreduced  surface  was  the  most  heterogeneous  of  the  two 
types  studied.  Furthermore,  the  configurational  entropies  for 
both  surfaces  tended  toward  zero  as  9 C,  a fact  already  deduced 
from  the  shapes  of  the  integral  entropy  curves  at  low  0, 

The  calculated,  Sc,  curves  increased  with  increasing 
coverage  and  eventually  exceeded  the  maximum  possible  configu- 
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rational  entropy,  Sj^„  For  the  reduced  sample,  this  took  place 
at  9'^  0„2  and  undoubtedly  was  evidence  for  the  onset  of  ad- 
sorbate interactions  at  unusually  low  coverages.  The  equations 
developed  by  Hill  (2)  to  treat  adsorption  on  a heterogeneous 
surface  with  nearest  neighbor  interaction  were  too  complex  to 
treat  mathematically  even  if  a proper  distribution  function  were 
available.  Thus  it  was  likely  that  a model  of  localized  adsorp- 
tion on  a heterogeneous  surface  without  adsorbate  interaction 
was  not  valid  beyond  9 = 0,2  and  9 » 0, 5 for  the  reduced  and 
unreduced  surfaces  respectively. 

In  the  presence  of  interactions  a division  into  a 
non-conf igurat ional  and  configurational  entropy  becomes  arbitrary. 
Thus,  it  becomes  difficult  to  interpret  the  essen"^ tally  constant 
entropy  values  at  higher  coverages.  These  value  ere  very  near 
the  entropy  of  liquid  argon  for  both  samples. 
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Section  II 
17. 

A VOLUMETRIC  CALORIMETER  FOR 
HEATS  OF  mTERSION  OF  SOLIDS 
IInITO  liqtjid  hitrogen 

INTRODUCTION 

Immersional  celoriinetry  for  the  study  of  systems  at 

I 

or  near  room  temperatures  has  been  well  developed  (l,2,3)o 

(1)  G, E.  Boyd  and  W.D.  Harkins,  J„  Am.  Chem.  Soc „ . 6L.  1190 

(19L2) 

(2)  E.  Hutchinson,  Trans.  Faraday  Soc . . L3 . 443  (1947) 

(3)  A. C.  Zettlemoyer,  G, Young,  J. 0 . Chessick,  and  F.H, 

Healey,  J,  Fhys.  Chem. . 57.  649  (1953) 

and  has  lead  to  valuable  data  concerning  the  interaction 
between  surface  and  adsorbate  supplemental  to  that  obtained 
from  gOw  adsorption  studies.  To  obtain  such  information 
from  the  immersion  of  a solid  in  a liquid  whose  normal 
temperature  is  far  removed  frcm  room  temperature  special 
procedures  are  required  to  detect  the  minute  te.mperature 
changes  resulting  from  the  wetting  of  a solid  by  the  liquid. 

A simple  and  accurate  method  has  been  developed  for 
the  measurement  of  the  heats  of  immersion  of  solids  in  liquid 
nitrogen  at  its  boiling  point  at  -195°»  This  technique,  the 
measuring  of  the  volume  of  liquid  vaporized,  requires  none  of 
the  elaborate  and  expensive  equipment  usually  used  in  immers- 
ional calorimetry  and,  in  addition,  can  be  applied  to  the 
immersion  of  solids  in  other  liquids  at  tiieir  boiling  points. 
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EXPERIMENTAL 


Low  Temperature  Immer  si  onal  Calc rimeter  i.  The  lew 
temperature  calorimeter  is  shown  in  Figure  1„  Heat  effects 
are  measured  by  the  amount  of  liquid  nitrogen  which  is 
vaporized  and  collected  as  a gas  when  a clean  sample  is 
broken  under  the  liquid.  The  calorimeter  consists  of  two 
sections  of  a large  glass  tube  joined  by  means  of  a 45/50 
standard  taper  joint,  A hollow  tube,  A.  with  a shield,  B, 
to  prevent  spattering  of  liquid  nitrogen  is  scaled  to  the 
upper  calorimeter  section.  The  breaker  rod,  C,  passes  through 
thj s tube  and  rests  on  top  of  the  sample  tube,  D„  A tight 
fitting  piece  of  rubber  tubing  is  used  to  form  an  air  tight 
seal  between  this  tube  and  the  breaker  rod;  the  tubing  allows 
sufficient  movement  of  the  rod  to  break  the  sample  tube.  The 
exit  tube  , Ep  is  connected  to  a gas  burette  by  means  of  rubber 
tubing.  The  calorimeter  is  immersed  in  a large  Dewar  flask- 
containing  liquid  nitrogen.  Liquid  nitrogen  is  introduced 
into  the  calorimeter,  itself,  throu^  tube,  E, 

Sample  Tube  Breakinp:>  The  sample  tubes  are  specially 
constructed  so  that  the  bottoms  have  very  thin  walls.  The 
tubes  rest  on  a formed  rubber  support  with  the  breaker  rod 
immediately  above  the  thin  wall  portion,  A light  tap  of 
the  breaker  rod  is  sufficient  to  pierce  the  sample  tube. 

Blank  runs  indicate  that  the  heat  effect  resulting  from 
breaking  in  this  manner  is  so  small  that  it  contributes  only 
from  5 to  15  ml,  to  the  total  amount  of  gas  evolved,  A cor- 
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rection  of  iO  ml.  was  applied  lo  all  measureme/its. 

Rating  Periods:  Once  temperature  equilibrium  be- 

tween the  calorimeter  and  bath  is  reached  the  amount  of 
nitrogen  gas  evolved  each  minute  Is  determined  by  dis- 
placement of  water  from  a gas  burette.  The  amount  of  gas 
evolved  was  found  to  be  constant  for  periods  of  0„  5 to 
1„0  hours,  and  is  a function  of  the  purity  of  liquid 
nitrogen  used  and  the  barometric  pressure,  the  most  pro- 
nounced influence,  however,  is  that  produced  by  the  latter. 
The  rates  varied  from  20  to  50  ml.  of  gas  evolved  per 
minute  using  commercial  liquid  nitrogen  with  measured  vapor 
pressures  between  79  and  82  cm.  Kg.  No  runs  were  made 
using  a particular  liquid  nitrogen  supply  if  the  rating 
period  exceeded  50  ml,  per  minute. 

Procedure . For  the  results  described  below,  samples 
v;eighing  4 to  10  grams  were  evacuated  under  the  conditions 
listed  in  Table  I,  then  were  sealed  off  under  vacuum  and 
transferred  to  the  calorimeter.  Before  joining  the  two 
sections  of  the  calorimeter,  Apiezon  grease  was  applied 

to  the  standard  taper  joint.  The  entire  calorimeter  was 
placed  in  a large  Dewar  flask  and  liquid  nitrogen  was  added 
to  the  flask  until  the  liquid  level  was  about  one-inch  above 
the  top  of  the  calorimeter.  After  a few  minutes  250  ml.  of 
liquid  nitrogen  was  added  to  the  calorimeter,  itself,  through 
the  exit  tube.  Rubber  tubing  leading  to  the  gas  burette  was 
then  attached  to  the  exit  tube  and  the  displacement,  of  water 
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by  the  nitrogen  gas  evolved  was  noted.  The  maximum  time  for 
temperature  equilibrium  between  the  calorimeter  and  bath  to 
be  reached  was  three  hours.  A time-gas  volume  curve  was 
followed  until  a steady  rate  of  gs  evolved  was  obtained  over 
a ten  minute  period.  The  sample  was  broken  under  the  liquid 
and  the  time  noted.  Time-volume  readings  were  continued  for 
10-15  minutes  after  breaking.  The  heat  of  immersion  was  always 
evolved  v;ithin  less  than  one  minute  after  breaking.  The 
smallest  volume  of  gas  evolved  was  about  100  ml.  (STP)"  the 
average  volume  was  about  200  ml. 

The  gas  evolved  as  a result  of  the  wetting  process 
was  corrected  for  the  height  of  the  column  of  water  in  the 
gas  burette,  as  well  as  for  the  presence  of  water  vapor,  then 
converted  into  ml,  evolved  at  STP.  The  heat  of  immersion  in 
ergs/cra'^o  was  calculated  from  the  formula 

4.I87X  \0^ 

area 

where  1333  cal, /mole  is  the  heat  of  vaporization  of  liquid 
nitrogen. 

Adsorption  Measurement s ^ Isotheri"  data  at  77.  8 and 
72„3°K  for  the  adsorption  of  nitrogen  on  magnesia  "2642”  were 
selected  from  the  results  of  a study  previously  conducted  in 
this  laboratory;  a detailed  discussion  of  these  earlier  ex- 
perimental techniques  has  been  fully  desci’ibed  il+)„ 
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(4)  A,G,  Zet;iemoyer  and 
39.  69  (1947). 
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Experimental  Results  and  Heproducibil it?/' ■ Values  of 
the  heats  of  immersion  for  a variety  of  solids  from  liquid 
nitrogen  are  tabulated  in  Table  I.  The  average  deviation 
represents  a measure  of  the  reproducibility  of  the  results„ 
The  maximum  deviation  amounts  to  about  5%  which  is  good 
agreement  because  a combination  of  factors  such  as  weighing^ 
pretreatment,  activation  and  evacuation  of  the  samples  as 
well  as  direct  calorimetric  measurements  affect  these  values. 


TABLE  I 


Heat  of  Immersion 

of  Solids 

in  Liquid  N. 

itrogen  at 

-195° 

Sample 

Specif i c 

Heat  of 

Number  of 

Activation 

_ Area 

Immersion 

Determi - 

Time 

Temp, 

m^o  /g. 

ergs/ cm^ . 

nations 

hrs. 

°c. 

'a  ^ 

Graphon  ' 

83.0 

-lOLil 

3 

24 

25 

Silene  lEF) 

51.  6 

3 

24 

25 

Alumina  (FIO)  ^ ^ 

119.2 

-10415 

4 

2 

400 

Magnesia  "2642"  ^ ^ 

112,7 

-105+4 

4 

1 

250 

(a)  Lot  L-2739s  Godfrey  L„  Cabot  Co,,  Boston,  Mass;  a graphitized 

Carbon  black',  the  maximum  amount  of  surface  oxide  has  been 
estimated  to  occupy  no  more  than  1/1500  of  the  total  area, 
"Thermodynamics  of  the  Adsorption  of  Water  on  Oraphon",  G,  J, 
Young,  Chessick,  F,  H,  Healey  and  AC,  Zett  Ismoyer , to 

be  published  J,  Phy,  Chem,  about  May  1954.. 

(b)  Ppt,  Calcium  Silicate,  Pittsburg  Plate  Glass  Co,,  Pittsburg,  Pa, 

(c)  Lot  202,  8-14  mesh.  Aluminum  Co,  of  America,  Pittsburg,  Pa, 

(d)  Furnished  by  Westvaco  Chemicals  Division,  Food  Machinery 
Corporation, 


An  important  observation  is  the  fact  that  the  of 

the  heats  of  emersion  are  practically  the  same  for  these  four 
different  solids.  Since  the  surfaces  of  these  solids  are  con- 
siderably different,  especially  the  hydrophobic  Graphon,  this 
finding  suggests  that  the  volume  of  gas  evolved  when  one  gram 
of  a clean  solid  is  immersed  in  liquid  nitrogen  may  be  taken 
as  a measure  of  the  specific  area, 

DISCUSSION 

When  a nonporous  solid  is  immersed  in  a liquid,  the 
solid  surface  with  it=’  energy  disappears  and  is  replaced  by 
a solid-liquid  interface.  The  heat  of  emersion  (5)  I'or  the 


(5^  Because  of  the  convention  established  by  W,D.  Harkins, 

the  heat  of  emersion  will  be  discussed  in  the  theoretical 
section  of  this  paper.  Furthermore,  the  definition  of 
the  spreading  pressure  been  conventionally 

established  for  the  desorption  process. 


process  is  given  by  the  relationship: 


l>) 


where  and  Kl.  are  the  free  surface  energies  of  the  clean 
solid  and  the  solid-liquid  interface  at  temperature  T,  and  ^ 
is  the  surface  area  of  the  solid.  The  value  of  for  the 
emersion  of  MgO  from  liquid  nitrogen  at  -195°  was  obtained 
experimentally  and  compared  to  values  calculated  by  two  methods 
using  adsorption  data.  It  was  pertinent  to  inquire,  also,  into 
the  relative  im.portance  of  the  contributions  to  the  heat  of 
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emersion  for  this  process  by  both  the  free  energy  and  entropy 
t e rms „ 

Calculated  Heat  of  Emersion  from  Isosterlc  Heats  of 
Adsorptions  The  difference  in  the  internal  energy,  Ej^.  of  a 
liquid  adsorbate  in  equilibrium  with  vapor  at  T and  the  energy, 
Ey  , of  the  adsorbate  molecules  is  given  by  the  relationship  (6) 


(6)  Jura  and  T„L<,  Hill,  J»  Am.  Chem..  SoCo,,  ?4,  M-98  (1952), 
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Where  h SL  heats  of  emersion  of  a clean  solid 

and  a solid  with  Ng  adsorbed  molecules„  The  term  is  related 
to  the  isosteric  heat,  qsT-  by  an  equation  readily  obtained  from 
Equation  91  of  Hill  (6) 


(6)  T.L„  Hill,  _J„  Chem.„  Fhys„  , 22,  520  (1949) 

"•  o 

where  the  molar  heat  of  vaporization  of  nitrogen.  The 

term  - 6e  i can  thus  be  obtained  by  graphical  integration 

SL 

of  a Wg  plot. 

The  heat  of  immersion  of  a solid,  which  has  been  exposed 
to  the  saturated  vapor  of  the  liquid  until  the  adsorbed  film 
attains  equilibrium  with  respect  to  the  vapor,  is  given  by  the 
equation  (7) : 
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(y)  W„  S„  HarkinSj  ’’The  Physical  Chemistry  of  Surface  Films", 
New  York,  Reinhold  Publishing  Co, . 1952,  pg»  274= 

where  is  the  free  surface  energy  of  the  liquid  and  9 is 
the  contact  angle  of  the  liquid  on  the  surface.  If  0 ;•  0,  then 
the  heat  of  emersion  is 

Equation  (5)  represents  the  heat  content  of  the  surface  of 
the  liquid  used.  The  value  of  this  quantity  for  liquid 
nitrogen  (25,2  ergs/cm^,  at  74,9  K)  was  obtained  from  the  sur- 
face tension  and  temperature  variation  of  the  surface  tension 
of  the  j-iquid.  The  heat  of  emersion,  hsLj  of  clean  MgO  was 
calculated  to  be  110  ergs/cm^,  from  a knowledge  of  h^  and  the 
differences  in  the  heats  of  emersion  at  saturation  obtained 
from  equation  (3),  This  value  comperes  with  the  value  of  105 
ergs/cm^,  found  experimentally. 

The  calculated  values  for  the  heat  of  emersion  of  MgO 
are  shown  plotted  in  Figure  2 as  a function  of  the  volume  of 
nitrogen  adsorbed.  The  heat  values  approach  the  value  for  the 
heat  content  of  a liquid  nitrogen  surface  only  at  high  surface 
coverage,  ca,  10  molecular  layers  (8), 


-AH  (ERGS/C 


I 


25, 


'8)  In  contrast,  boat  values  for  the  emersion  of  asbestos 
from  watf  r approach  the  surface  enthalpy  of  liquid 
Water  very  nearly  after  the  completion  of  a mono- 
molecular  layer  ^ 3 ) , 


Calculated  Heat  of  immersion  from  Absolute  Entropy  Values  i 
The  equilibrium  heats  of  adsorption,  and  the  corresponding 

integral  entropy  val  ues,,  “,5^  whe re  the  subscript  refers 

to  gaseous  nitrogen  in  equilibrium  v.’ith  the  adsorbed  film,  a, 
were  calculated  for  the  adsorption  of  nitrogen  on  MgO  (q  „ 


(9)  T,L„  Hill,  J.  of  Chom,  Phvs-  . 12.  520  (1949) 


The  equilibrium  heats  were  obtained  from  the  Clausius-Clapeyron 
equation  at  constant  spreading  pressure,^ o Thus  it  was  necessary 
to  determine  ^ as  a function  of  the  equilibrium  pressures  at  two 
temperatures  from  adsorption  data  by  graphical  integration  of  the 
Gibbs  equation: 

^T^rJULf.  (^) 

wliere is  the  surface  concent  rat  ion„  The  equilibrium  and 
isosteric  heats  of  adsorption  are  plotted  in  Figure  2 ss  a 
function  of  the  volum.e  adsorbed„ 

When  the  contact  angle  of  a liquid  on  a solid  is  zero, 
andj  further,  if  the  film  formed  on  a solid  in  equilibrium  with 
the  saturated  vapor  of  the  liquid  is  duplex  then 


too  200  300 

VOLUME  ADSORBED  (ML./ 6.  STP) 
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and  equation  (l)  can  be  written  in  the  fonn 

(fj 

The  temperature  coefficient,  ^^/dT  , of  the  difference  in  the 
free  surface  energy  of  a clean  r-olld  and  a film  covered  solid 
IS  related  to  the  difference  in  the  integral  entropy  term 

(3^  - 3;. ) (9) 

At  saturation  the  relative  pressure,  X,  of  the  gas  in  equi- 
librium with  the  adsorbed  film  is  equal  to  unity,  thus 

(<o) 

The  term  was  obtained  from  the  equilibrium  neat  of 

adsorption  at  saturat.mn  and  a knowledge  of  the  entropy  of 

o 

vaporization  of  liquid  nitrogen  at  71,9  K, 

Table  II  contains  values  for  measured  and  calculated 
quantitj.es  used  to  obtain  the  heat  of  emersion  of  magnesia 
from  liquid  nitrogen,  A value  of  117  ergs/cm^,  was  calculated 
from  equation  8,  The  term  was  obtained  from  entropy 

data  (eqn,  10 ) „ This  value  of  II7  agrees  fairly  well  with  the 
value  of  110  ergs/cm^,  obtained  from  isosteric  heat  data 

2 

(eqn,  3)  as  well  as  with  the  experimental  value  of  105  ergs/cm  , 
It  is  also  evident  from  Table  II  that  the  TA  S term,  contributes 
most  to  the  heat  term,  that  is  about  three  times  more  than  the 
free  energy  contribution. 
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TABLE  II 

Free  Energy  and  Ent”op7  Values 

Values 

ergs/cm2  deg„ 


-1„22 

ergs/  cm'^ 


y. 

9»39 

-0  22 

22„  3 

85.0 

^seL. 

25.2 

AF=  ^5-^5*. 

31»7 

TAS  = - i)'%u)l^'] 

85o  5 

117»0^^  ^ 

110.0^®^ 

( a ) 

from 

eqn.  10. 

(b) 

from 

eqn.  8, 

based  on 

entropy  values^ 

(c) 

from 

eqn,  3 , 

based  on 

isosteric  heat  values. 

105  + L exp 
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INTRODUCTION 

The  purpose  of  this  Investigation  v;3S  to  study 
the  effect  of  surface  hetero.geneity  on  the  adsorption  of 
water  on  a hydrophobic  surface.  The  system  Graphon-water 
v;as  chosen  because  Graphon  possesses  a well-defined  hydrophobic 
and  almost  homogeneous  surface  with  a very  small  fraction  of 
hydrophilic  heterogeneities  (1,2)  which  are  responsible  for 

(1)  Fierce  and  R,  N.  Smith.  I.  Phys,  and  Colloid  Chem.  51, 

731  (1950).  ■ 

(2)  G, J,  Young,  J.J,  Chessick.  F.  K.  Healey,  and  A.C.  Zettlemoyer, 

£•  58.  313  (1951). 


the  adsorntion  of  water  at  low  pressures.  It  appeared  possible 
to  increase  the  fraction  of  hydrophilic  sites  by  ccnti’olled 
oxidation  of  the  Graphon  and  to  observe  the  changes  produced  in 
the  v;ater  adsorption  isotherm  and  the  heat  of  immersion  in  water. 

It  was  of  interest  to  determine  the  relation  between  the  heat  of 
immersion  and  the  fraction  of  surface  which  was  hydrophilic. 

The  application  of  the  BET  equation  to  the  adsorption 
of  water  on  Graphon  has  been  shown  to  give  values  consistent  with 
the  thermodynamic  criteria  of  a complete  monolayer  (2).  Unpub- 
lished work  in  this  laboratory  with  known  mixtures  of  a hydrophilic 
surface,  rutile,  and  a hydrophobic  surface,  Graphon,  has  demon- 
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strated  that  the  ratio  of  the  apparent  surface  area  de- 
termined by  water  adsorption  to  the  total  area  determined 
by  nitrogen  adsorption  is  a direct  measure  of  the  fraction 
of  hydrophilic  surface  present  in  the  mixture.  Accordingly 
this  ratio  has  been  used  in  the  present  work:  to  characterize 
the  hydrophilic  heterogeneity  of  the  Graphon  surface  before 
and  after  oxidation, 

EXFSRIMINTAL 

Materials  and  Anoaratus  - The  Graphon  sample  was 
from  the  same  lot^  No,  2808,  as  used  previously  (2)  and  was 
supplied  oy  Godfrey  L,  Cabot,  Inc,  The  area  determined  by 
nitrogen  adsorption  was  98  m,^/g, , and  the  freshly  prepared 
sample  was  reported  to  contain  0,21^  ash  and  0,2?^  volatile 
matter.  The  samples  were  not  treated  with  hydrogen  since  it 
was  desired  to  preserve  any  heterogeneous  surface  sites. 

High  purity  nitrogen,  helium,  oxygen  and  water  were 
used  and  furtner  purified  by  procedures  previously  described  (?), 

(3)  Zettlemoyer  and  J,  J„  Chessick,  £,  Fhys.  Chem,  . 58. 

242  (I954h 

Nitrogen  adsorption  and  static  oxidation  studies  were  made  with 
a BET  type  adsorption  apparatus;  water  vapor  adsorption  measure- 
ments and  procedures  using  a modified  Orr  apparatus  have  been 
described  (2), 

r>-.'-namio  Oxidation  • Tank  oxygen  at  1 atmosphere  with- 
out further  purification  was  passed  slowly  through  the  samples 
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at  330*^  for  various  lx.  'Periods  ilisted  in  Table  I).  The 
Gryphon  sample  was  then  coc.i  *3  to  room  temperature  snu  de- 
.osssed  at  10“^  mm.  Hf-;:,  A portion  of  the  sample  was  used 
for  adacrption  measurements  and  the  re.tic ' nder  subjected  to 
further  oxidation  under  the  sane  conditions. 

Static  Ox-idation  - The  samples  were  degassed  at 
room  temperature  for  12  hours  before  oxidation.  Moist 
oxygen,  made  by  mixing  known  volumes  of  water  vapor  and  dry 
oxygen  to  octain  a relative  humidity  of  ca.  0.5,  was  admitted 
to  the  sample  at  room  temperature  and  the  equilibrium  pressure 
recorded.  The  sample  was  then  heated  to  530°  within  a time 
interval  of  ten  minutes.  The  total  pressure  at  this  tenpera- 
t’lre  was  approximately  one  atmosuhere.  The  te.mpercture  was 
controlled  to  +.  5°  throughout  the  oxidation  and  any  changes 
in  pressure  were  noted.  After  two  hours  the  snm.ple  was  cooled 
to  room  te.m.pe ’.'ature  and  the  final  equilibrium  pressure  was 
recorded. 

Adsorption  Measurements  - About  0.5  grams  of  Graphon 
was  used  for  nitro’-sn  surface  area  determinations  at  -195°. 

The  surface  areas  were  calculated  by  the  BET  method  using  a close- 
packed  adsorbate  area  of  16. 2 8^.  Water  vapor  adsorption  measure- 
ments were  made  at  25°  with  5 to  0. 5 gram  samples  depending  on 
the  extent  of  oxidation  of  the  surface.  An  experimental  deviation 
of  0.005  ml,  adsorbed  was  observed  at  the  lower  pressures, 

V/ith  one  sample  the  weight  change  caused  by  successive 
oxidations  was  f<^llowed.  After  each  oxidation  water  vapor  was 
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admitted  to  a relative  pressure  of  0.3,  at  which  pressure, 
as  detenrined  by  the  volumetric  measurements,  the  BET  Vj^ 
value  'was  reached.  The  amount  of  water  adsorbed  was  then 
measured  f^ra’^imetrically  with  a correction  made  for  the  vapor 
in  the  dead  space.  The  results  agreed  with  the  volumetric 
measurements  within  experimental  error. 

Heat  of  Immersion  Measurements  - The  calorimeter 
and  procedure  have  been  described  earlier  (4).  Heats  of 


(4)  A.  G.  Zetulemoyer , G.  J.  Young,  J.  I.  Chessick  and  F.  H.  Healey, 

J.  Phys.  Chem.  , 649  (l953). 

Immersion  in  water  were  measured  for  Graphon  after  the  various 
types  of  treatment  given  belov;. 

Treatment  of  Samples  - Sample  A was  oxidized  by  the 
dynamic  piocess.  Sample  3 received  the  staiic  oxidation  treat- 
m^ent  with  nitrogen  and  water  vapor  adsorption  determined  vol- 
um-etrically.  A second  sam.ple  treated  and  measured  in  the  same 
way  checked  the  results  obtained  with  Safiiple  B.  Sample  G v;as 
activated  at  900*^  for  two  hours  with  continuous  pumping  to 
study  the  thermal  decomposition  of  the  heterogeneous  surface 
sites  present  on  the  original  sample.  Sample  D received  the 
same  oxidation  treatment  as  sample  B but  weight  losses  on  oxi- 
dation and  water  adsorption  measurements  were  made  gravimetrically. 

When  this  work  was  initiated  it  was  hoped  that  the 
numoer  of  surface  oxide  sites  farrae^  could  be  directly  measured 
from  the  oxidation  data.  However  the  complexity  of  the  oxidation 


III 


I 


32. 

process  (?)  end  part  i ' ul  a r,l7/  v.’hen  water  was  "resent  (6)  pre- 


(5)  E.  A.  Gulbransen,  Ind.  Enp.  Chein.  , 44,.  1045  (1952). 

(6)  R.  Smith,  C.  Pierce,  and  C.D.  Joel,  J.  Phys.  Chem.  58, 
298  (1954). 


vented  any  direct  determination  of  the  amount  and  nature  of 
the  surface  oxide  formed.  A further  complication  ;vas  intro- 
duced when  it  was  found  the  O2 , CO,  and  particularly  CO2  all 
showed  some  physical  adsorption  on  Graphon  at  room  temperature. 
The  isotherms  were  linear  and  at  20  mm.  Hg.  pressure  the  re- 
spective volumes  adsorbed  v/ere  0.0055,  0.0090  an.d  0.029  ml./g. 

RESULTS  AND  DISCUSSION 

The  apparent  surface  areas  determined  by  application 
of  the  BET  equation  to  the  adsorption  isotherms  of  water  vapor 
and  nitrogen  on  Sample  A after  various  times  of  dynamic  oxidatiou 
are  given  in  Table  I.  The  apparent  area  available  to  water  vapor 
adsorption  increased,  as  was  expected,  with  increasing  time  of 
oxidation.  The  nitrogen  or  "true"  surface  area  also  increased 
markedly,  the  final  area  of  181  m.  ■^/g.  being  roughly  double  the 
original  value.  The  ratio  of  the  apparent  water  area  to  the 
nitrogen  area  can  be  considered  to  be  a measure  of  the  surface 
heterogeneity,  i.e.,  the  fraction  of  hydrophilic  sites  present 
on  the  surface.  The  I'atio  may  also  be  considered  to  be  a measure 
of  hydrophobicity ; the  smaller  the  ratio,  the  more  hydrophobic 
the  surface.  The  original  sample  had  a surface  with  only  about 
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Dyna.T.ic  Oxidet'on  at  530"'  - Sample  A 


Total  Time  of 
Oxidation  (hrs. ) 

An Parent 
2 H2O 

BET  Area  (m,  ^7 g.  l 
^ Ep 

— X 102 

0 

0.  26 

93.0 

0.27 

2 

1.06 

110.  3 

0.  96 

3 

2.05 

114.2 

1.  80 

5 

3.52 

135.7 

2.2;^ 

10 

12.45 

152.0 

8,20 

17 

22.  52 

130.9 

12. 44 

1/400  of  the  surf 

ace  hydrophilic;  after  17  hours 

of  oxidation 

about  1/ 8 of  the 

surface  had 

become  hydrophilic. 

In  other 

words  about  one-eighth  of  the  surface  had  been  oxidized  oy 
this  treatment.  At  the  same  time  a considerable  portion  of  the 
sample  was  lost;  the  samule  weight  used  in  the  last  oxidation 
0,4?  g,  and  after  7 hours  this  weight  had  been  reduced  to  0.09  g. 

The  oxidations  carried  out  in  a static,  moist,  oxygen 
atmosphere  were  much  less  drastic  in  their  effect  on  the  sample 
as  shown  in  Table  II,  The  nitrogen  surface  area  increased  by 
only  5%  after  12  hours  of  oxidation  compared  to  an  increase  of 
over  50^  after  ten  hours  of  dynamic  oxidation.  Further,  at  this 
point  only  about  l/70  of  the  surface  had  been  oxidized. 

The  sample  activated  at  900°  showed  only  a slight 
increase  in  the  nitrogen  surface  area  and  a marked  decrease  in 
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TAiiLE  II 

Static  Oxidation  - Sample  B 


Total  Time  of 
Oxidation  (hrs.  ) 

Apparent 
Z HpO 

BET  Area  (m.^/g.  ) 

SLNp 

^ HoO 

S,  N2 

0 

0.  26 

98 

0.27 

0 

« 

0 

101 

0 

0 

4 

0.64 

103 

0.62 

6 

0.  85 

102 

0,83 

s 

0.  96 

102 

0.94 

1(3 

1.16 

103 

X. 

12 

1.44 

102 

1.41 

Sample  C 
Activated,  900°, 

0.15 

100 

0.15 

2 hrs. 


the  number  of  hydrophilic  sites,  presumably  due  to  volatilization 
of  carbon-oxygen  surface  complexes.  About  45%  of  the  hydrophilic 
sites  were  destroyed  by  activation. 

To  demonstrate  the  effect  of  increasing  the  percentage 
of  hydrophilic  heterogeneity  on  the  adsorption  of  water,  the 
isotherms  at  22°  after  the  various  static  oxidation  treatments 
are  shown  on  the  next  page.  It  is  evident  that  the  successive 
oxidations  caused  a continual  increase  in  the  volume  of  water 
adsorbed  at  all  relative  pressures.  The  adso.-^ption  isotherm 
reported  by  Pierce  and  Smith  (?)  for  water  on  Gre phon  which  had 


(7)  C.  irierce  and  R,N.  Smith,  Phys.  and  Colloid  Chem.  54. 
795  (1950). 
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been  treated  with  hyar'^ien  at  would  lie  slighi^ly  above 

r.he  curve  for  the  original  'unoxiaizod)  sample.  Since  their 
sernulc  had  a nitrogen  surface  a ^ea  about  20^  less  than  the 
present  (Iraphon,  their  surface  must  have  still  contained  after 
treatment  a considerable  amount  of  hydrophilic  heterogeneities. 
Recently  it  was  reported  (6)  that  uhe  earlier  Graphon  contained 
considerable  more  sulfur  than  more  recent  samples  and  this  may 
be  the  cause  of  the  greater  water  up-take. 

The  increase  in  the  fraction  of  hydrophilic  sites 
appeared  to  increase  approximately  linearly  with  time  of  oxi- 
dation although  there  was  considerable  scatter  due  in  bart  perhaps 
to  the  uncertainty  in  choosing  the  best  straight  line  in  the  3ET 
plots  used  to  obtain  ^ The  rate  of  apparent  surface  oxi- 

dation, assuming  one  molecule  of  H2O  adsorbed  per  oxide  site  at 
Vj^-  was  0,0019  i.  .0005  surf-=ce  sites  per  hour.  With  Sample  D 
v;here  the  static  oxidation  v;as  carried  to  20  hours  and  the  water 
pick-up  determined  gr-^vimetri  cally  the  curve  was  shown  to  be 
actually  parabolic,  and  that  furthermore,  the  sample  showed  a 
considerable  loss  in  weight.  The  rate  of  increase  in  the  fraction 
of  hydrophilic  sites  cannot,  therefore  bo  taken  as  3 measure  of 
the  rate  of  total  oxidation. 

One  of  the  objects  of  this  investigation  was  to  study 
the  change  in  the  nature  of  the  water  adsorption  isotherm  as  the 
number  of  hydrophilic  sites  on  the  surface  was  increased.  While 
in  the  preceding  figure  it  would  appear  that  the  isotherm  on 
the  unoxidized  surface  was  Type  III  and  after  12  hours  of  oxidation 
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the  isotherm  was  de;  ..nitely  Type  II.  this  appearance  as  due 
simply  to  the  difference  in  magnitude.  The  two  isotherms 
are  actually  identical  in  shape  up  to  the  highest  relative 
pressures  measurac  (O.  5-0.6).  Indeed,  if  the  isotherms  are 
plotted  in  terms  of  8fV/Vni)  vs,  p/po?  all  of  the  oxidized 
samples  as  well  as  the  unoxidized  sample  fall  on  a single 
curve.  The  shape  of  the  isotherm  is  therefore  not  influenced 
by  the  fraction  of  the  surface  which  is  hydrophobic.  If,  as 
has  been  postulated  (l,2)  the  adsorption  of  water  by  Graphon 
occurs  by  a clustering  around  hydrophilic  sites,  it  would  appear 
that  on  the  original  sample  these  heterogeneities  were  not  iso- 
lated and  randomly  scattered  about  the  surface  but  rather  v;ere 
grouped  together  in  patches  perhaps  at  the  edges  of  the  graphitic 
planes.  Otherwise,  it  would  be  expected  that  increased  adsorbate 
interactions  would  show  up  in  the  isotherm  as  the  distance  between 
hydrophilic  sites  decreased.  Even  with  Sample  A where  1/8  of  the 
surface  was  made  hydrophilic  and  the  maximum  distance  between 
sites  could  be  only  approximately  two  molecular  diameters,  there 
vjas  no  essential  difference  in  the  shape  of  the  isotherm  from 
that  or  the  unoxidized  sample. 

The  weight  change  of  Graphon  on  oxidation  as  observed 
with  Sample  D is  shown  graphically  on  the  next  page.  The  figure 
is  very  similar  to  the  curves  presented  by  Gulbransen  and  Andrew  (8) 


(8)  E.A.  Gulbransen  and  K. F,  Andrew,  Ind.  Eng.  Chem. 44.1039  (1952;. 
for  the  oxidation  of  artificial  graphite  at  Curve  I repre- 
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sents  the  observed  ^~ss  in  weight  of  the  sample  v/ith  increas- 
ing time  of  oxidation.  Curve  II  is  the  calculated  gain  in 
sample  weight  due  to  the  fomation  of  surface  oxide.  This 
curve  was  calculated  from  the  water  adsorption  Vm  values  on 
the  basis  of  one  water  molecule  to  each  CO  surface  site. 

Curve  III  therefore  represents  the  actual  v^elght  loss  after 
correction  for  the  gain  in  weight  due  to  chemisorbed  oxygen. 
The  curves  indicate  that  the  rate  of  formation  of  volatile 
oxides  is  essentially  cons^,ant  over  a period  of  twenty  hours, 
b'ut  that  the  rate  of  stable  surface  oxide  formation  decreases 
with  time. 


Heats  of  immersion  in  water  were  m.easured  for  a 

number  of  the  samples  after  the  various  treatments.  Additional 

samples  not  shown  in  Tables  I and  II  were  also  used  in  this 

study.  These  data  are  plotted  in  the  next  figure  in  ergs  per 

cm.  ^ of  surface  as  measured  by  iiitrogen  adsorption  against 

the  fraction  of  the  surface  which  was  hydrophilic  (^H?0  ) ^ 

2N2 

If  the  heat  of  wetting  of  the  hydrophilic  sites,  ho,  and  the 
hydrophobic  carbon  surface,  h^,  remained  constant  with  increas- 
ing amiounts  of  surface  oxide  then  a linear  relation  would  be 
expected  eooording  to  the  equation: 

hi  = (2h20  ) „ 

^ ZN2  ^N2  ° 


where  hi  represents  the  observed  heat  of  immersion.  The  best 
straight  line  drawn  through  the  points  would  give  h^  - 31  ergs/ cm. 
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and  ho  = 73^  ergs/cr..  The  latter  value  is  not  unreasonable 
although  somewhat  higiier  than  is  usually  obtained  with  hydrophilic 
surfaces.  Since  the  0 experimental  curve  actually  increases  in 
slope  i t would  a ppea  r that  either  ho  increases  or  hg  decreases 
or  that  both  occur  as  the  percentage  of  hydrophilic  sites  in- 
creases. A decrease  in  he  could  be  e rplained  on  the  basis  that 
the  more  energetic  porticos  _>f  the  carbon  surface  would  be  most 
readily  oxidized.  However,  water  would  interact  with  the  carbon 
surface  principally  by  non-polar  van  der  '.Vaals'  forces  and  this 
interaction  would  be  smallest  on  tiie  carbon  atoms  (such  as  edge 
atoms)  most  readily  oxidized.  A more  reasonable  explanation  is 
that  ho  increases  due  to  increasing  adsorbate  interaction  between 
neighboring  patches  of  hydrophilic  sites.  This  interaction  would 
not  show  up  in  the  isotherms  except  at  relative  pressures  close 
to  saturation. 
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•VORK'  NOW  IN  PROGRESS 

A cummary  of  current  \*  ork  undertaken  in  the  period 
following  that  covered  in  the  previous  sections  of  this  report 
is  ns  follovjs; 

1.  As  part  of  our  study  of  the  interaction  of  vaster 
with  various  types  of  surfaces,  adsorption  and  heat  of  immersion 
measurements  are  being  made  with  a bentonite  clay.  Thermodynamic 
calculations  are  to  be  made  which  should  yield  useful  infonnation 
concerning  the  surface  properties  of  this  material. 

2.  As  a basis  for  the  sturdy  of  the  inhibition  of  cor- 
rosion of  metal  surfaces,  low  temperature  and  room  • amperature 
oxidations  of  reduced  nickel  surfaces  are  being  investigated  by 
gas  adsoj^ption  techniques, 

3.  A critical  sunrey  of  the  current  data  and  theories 
of  the  role  of  various  type.'  of  surface  heterogeneities  in  cor- 
rosion has  been  prepared.  The  material  will  serve  as  a basis 
for  a technical  report  to  be  submitted  in  the  future. 

4.  Currently,  a study  of  oxide-coated  and  reduced 
copper  surfaces  by  physical  and  chemical  adsorption  techniques  is 
being  carried  out.  Further  attention  is  to  be  directed  to  the 
nature  of  electronic  defects  in  metals  and  in  oxide  films  since 

this  type  of  heterogeneity  appears  to  irJ'luence  strongly  the  oxidation 


process.  Concurrently,  the  literature  on  organic  corrosion  inhibitors 
will  be  surveyed  with  the  view  toward  studying  treated  metal  samples 
by  gas  adsorption  and  calorimetric  techniques. 
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